1
However, the mechanism of glucose metabolism impairment remains unknown.
We, therefore, conducted a study with the aim of identifying the possible mechanism of glucose metabolism impairment under nilotinib therapy: i) impaired insulin secretion (including the possible role of a nilotinib-induced perturbation of incretin secretion); or ii) development of insulin resistance (including the possible role of nilotinibinduced adipokine alterations). Our analysis included 10 patients with CML without a medical history of diabetes mellitus (DM) who had newly initiated nilotinib therapy. Prior to and after three months of nilotinib treatment, all patients received a physical examination, blood count, and fasting biochemical analysis, including glucose, insulin, Cpeptide, glycosylated hemoglobin (HbA1C), serum lipids, incretins (glucagon like polypeptide-1, GLP-1), glucosedependent insulinotropic peptide (GIP)], adipokines (adiponectin, serum adipocyte fatty acid-binding protein, FABP), and trough nilotinib plasma concentration (Ctrough). A 75 g oral glucose tolerance test (OGTT) was performed at both time points. Fasting, 1-h and 2-h glucose, insulin, C-peptide, and incretins were assessed during the OGTT. Established models were used to estimate insulin sensitivity/resistance (HOMA2-IR, HOMA2-%S, and ISI0,120) and B-cell function (HOMA2-%B).
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Ten patients with a median age of 57 years (range 26-74) were included in our study. Four of these 10 patients received nilotinib as first line, and 6 of 10 received the drug as a second or subsequent line CML therapy. Five of 10 patients received 600 mg and 5 of 10 received 800 mg of nilotinib/d. Patients' metabolic characteristics at baseline and after three months of nilotinib therapy are presented in Figure 1 ). Two patients fulfilled criteria of diabetes mellitus (DM) during nilotinib treatment based on fasting glucose (8.1 and 7.3 mmol/L, respectively), and 2 additional patients displayed impaired glucose tolerance based on the OGTT (2-h plasma glucose concentration of 8.4 and 9.1 mmol/L, respectively).
Nilotinib administration also significantly increased fasting insulinemia (Table 2) . Moreover, there was also a trend of higher postprandial insulinemia obtained during OGTT at the 3 rd month of treatment ( Figure 1 ). There was no significant change in C-peptide concentrations (fasting and during OGTT) and fasting HbA1C after the initiation of nilotinib therapy (Table 2, Figure 1 ).
The euglycemic clamp represents the standard method for estimating insulin sensitivity and b-cell function. However, it is impractical for daily clinical practice, and therefore mathematical models highly correlated with the euglycemic clamp, such as the HOMA2 or ISI0,120, are commonly used. 4 In our study, insulin resistance, as calculated by HOMA2-IR, significantly increased during nilotinib therapy (P=0.008). Moreover, there was a significant decrease in the derived insulin sensitivity index HOMA2-%S and additional ISI0,120 (P=0.006 and P=0.002, respectively; Online Supplementary Figure S1 ). While HOMA2-IR and HOMA2-%S are surrogate markers of insulin sensitivity at the basal state and tend to represent hepatic insulin resistance, ISI0,120 reflects peripheral (mostly muscle) insulin resistance. Thus, together with marked hyperinsulinemia, we found global insulin resistance develops promptly after the initiation of nilotinib treatment.
B-cell function, as calculated by HOMA2-B%, as well as the secretion of incretins (GLP-1 and GIP), which are postprandial enhancers of insulin production, 5 were not affected by nilotinib administration (P=0.922, P=0.106, and P=0.922, respectively) ( Table 2 , Online Supplementary Figure S1 ). However, when we compared B-cell function at the start and after three months of nilotinib therapy (calculated as HOMA2-B%3 moths -HOMA2-B%start), we Figure S2 ). Based on our finding, we assume that nilotinib does not directly affect B cells. However, an organism must compensate for nilotinib-induced tissue insulin resistance through compensatory hyperinsulinemia to maintain euglycemia. In individuals with predisposed impaired B-cell function, a sudden insulin requirement could lead to prompt B-cell exhaustion. This subsequently manifests as glucose metabolism impairment, which is a reported AE of nilotinib therapy.
The mechanism of insulin resistance under nilotinib exposure at the cellular level likely occurs on the postreceptor level. 6 In vitro results indicate that c-ABL is involved in the insulin receptor (IR) signaling pathway. Upon insulin stimulation, c-ABL enhances an IR-dependent metabolic effect while attenuating the mitogenic effect by inducing a decrease in FAK phosphorylation, resulting in decreased ERK and increased AKT activity. 7, 8 Thus, it is hypothesized that blocking c-ABL during TKI therapy affects the IR metabolic pathway. 6 However, clinically evident differences in the influence of the IR pathway among individual TKIs have not yet been studied.
In addition, results from our adipokine analyses suggest postreceptor insulin resistance. Circulating FABP9 levels did not change during nilotinib treatment. However, the plasma concentration of adiponectin, which exerts a potent insulin-sensitizing effect, 10 decreased (Table 2) . This corresponds to published data reporting hyperinsulinemia subsequently causing significant hypoadiponectemia under euglycemic conditions.
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Taken together, our findings also have other important implications. Hyperinsulinemia, 12 postreceptor insulin resistance, 13 and hypoadiponectemia 14 play critical roles in the development of dyslipidemia and atherosclerosis. Thus, our results not only explain the rapid and significant increase in total and non-HDL cholesterol levels observed in this study (Table 2) , but also a possible mechanism of the development of peripheral artery occlusion (PAO), which was recently described as an important AE of nilotinib therapy.
15
In summary, for the first time we have clarified the mechanism of impaired glucose metabolism in CML patients treated with nilotinib, which occurs via rapidly developed tissue insulin resistance and compensatory hyperinsulinemia. It also at least partially explains the fast development of dyslipidemia and probably also PAO in these CML patients. However, further studies that include a larger patient cohort, as well as in vitro tests to confirm postreceptor insulin resistance, are needed, and these are already ongoing in our study group. Zdenek Racil, 1, 2 
